Maize dwarf mosaic virus strain B was purified to apparent homogeneity. Virus protein migrated as a single component in polyacrylamide gels and had a mol. wt. of 365oo when estimated by sodium dodecyl sulphate gel electrophoresis but 285oo as determined by amino acid analyses. A total of 264 amino acid residues are present in the protein. The virus contains 6 % RNA based on its phosphorus content (o'54 + o'o7 %) and the nucleotide composition of its nucleic acid (33"54 % adenylic acid, 2o-21% guanylic acid, I6.2I % cytidylic acid, and 3o-ol % uridylic acid).
INTRODUCTION
Maize dwarf mosaic virus is a strain of the sugarcane mosaic virus complex (Shepherd, 1965; Snazelle, Bancroft & Ullstrup, 197 I) whose members have properties of the potyvirus group of plant viruses (Harrison et al. I97I) . Before development of a technique to manipulate these viruses (Damirdagh & Shepherd, I97oa) , it was difficult to obtain them in quantities sufficient for chemical characterization. Recently, two members of this group -tobacco etch virus and turnip mosaic virus (Damirdagh & Shepherd, I97ob; Hill & Shepherd, I972a ) -have been well characterized. Some of the chemical properties of potato virus Y were described recently (Stace-Smith & Tremaine, I97O; Miki & Oshima, I972) .
A number of attempts have been made to obtain homogeneous preparations of various strains of sugarcane mosaic virus in quantities sufficient for extensive chemical analysis, but few have been successful (Shepherd, I965; Sehgal, I966, I968; Seghal & Jong-ho, I97o; Bond & Pirone, I971 ; Snazelle et al. I971 ; Jones & Tolin, I972; Pring & Langenberg, ~972; Langenberg, 1973) . We report the preparation of apparently homogeneous maize dwarf mosaic virus and some of its properties. A preliminary report has appeared (Hill, Ford & Benner, I972) .
METHODS
Virus origin, preparation, and purification. The isolate used was strain B of maize dwarf mosaic virus (MDMV-B), designated Iowa 66-I88 (ATCC-PV53), from a sweetcorn field in Iowa (Ford, Bucholtz & Lambe, I967) .
Sweetcorn plants (Zea mays L. ' Golden Bantam') grown in steamed soil were inoculated mechanically at the two-leaf stage. Systemically infected corn was harvested in batches of 8 to ~4 kg 3 to 4 weeks later and homogenized in a large Waring Blendor with a o'5 M-Na and K phosphate buffer, pH 7"o te 7"5 (t "5 : ~, v/w) containing t % (v/v) 2-mercaptheothanol and some ice. The product was filtered through two layers of cheesecloth and the residue blended once more in the filtrate. The filtered extract was clarified by successive steps: (a) addition of 40 % (v/v) acetic acid to give pH 4"7; (b) allowing the extract to remain 3o to 45 rain at room temperature; (c) adjusting to pH 7"o to 7"5 with 20 % (v/v) aqueous ammonia; (d) emulsification with chloroform (25//oo, v/v) in a Waring Blendor for r'5 rain; and (e) centrifuging at 252o g for Io rain. Polyethylene glycol (mol. wt. 60oo to 75oo) was added to an 8 % (w/v) final concentration to the supernatant fraction and the preparation was placed at 4 °C. Twelve to I8 h later the precipitate was collected by centrifuging at ~ t 700 g for 2o min. The pellet was suspended in o"o5 M-Na and K phosphate buffer, pH 7"4, containing 0"5 M-deionized urea [prepared by slowly passing an 8"o M solution of urea 3 times through a column of reactor grade mixed bed resin, 25 to 5o mesh, hydrogen and hydroxide forms (BioRad Laboratories, Richmond, California)], and o-~ % (v/v) 2-mercapthoethanol, hereafter called urea buffer. The vol. was adjusted to ~ 1 and a cycle of differential sedimentation (I2 ~oo g for Io rain and 444oo g for 3 h) yielded a product that exhibited flow birefrigence when resuspended in urea buffer. One more differential cycle of 3o2og for Io rain and 69ooo g for 3 h, through ~5 ml of 3o% sucrose in a Spinco I x 3 ½ in. polycarbonate tube, followed by equilibrium density-gradient sedimentation in CsCI prepared by mixing 1.8 ml of a saturated solution of CsC1 (in urea buffer) with 3"2 ml of the virus solution in a Spinco ½ × 2 in. cellulose nitrate tube completed purification. After dialysis against urea buffer, virus concentration was estimated spectrophotometrically using the extinction coefficient of 2"4 cm 2 mg -1 at 26r nm reported by Purcifull 0966) for tobacco etch virus. Yields averaged I to 3 mg of virus per kg of infected tissue.
The final preparation, which was highly birefrigent, was generally tested for infectivity by using a systemic assay. Virus was adjusted to E261 ranging from o'4o to o'95 and mechanically inoculated to sweetcorn at the two-leaf stage. The percentage of infected plants was divided by the virus concentration (mg/ml) determined (as described) to obtain an infectivity index.
Preparation of protein and nucleic acid components. MDMV-B protein was prepared by the warm formic acid method (Miki & Knight, I965) or, more frequently, by disruption with guanidine hydrochloride in the presence of lithium chloride (Wu & Bruening, I97I) . With formic acid treatment, the protein was precipitated from the formic acid solution with 2 vol. of saturated ammonium sulphate, collected by centrifuging and, dissolved in 8.o M-deionized urea. The product was centrifuged at ~o55oo g for I'5 h to remove undegraded virus, dialysed against deionized distilled water, and the soluble protein was lyophilized. For guanidine-HC1 degradation the nucleic acid precipitate was collected by sedimentation, washed twice in a I:I mixture of guanidine HC1-LiC1 reagent and water, resuspended in deionized distilled water, and dialysed against water until it became soluble. The nucleic acid was precipitated two to three times by addition of 2 vol. of cold 95 % ethanol and a few drops of 3"o M-sodium acetate, pH 5"o. The final product was dissolved in deionized distilled water.
The virus protein, which remains soluble in the guanidine-HC1, was centrifuged at IO55OO g for 1.5 h to remove undegraded virus and was then dialysed against distilled water and lyophilized. The product was then dissolved in 8.o M-deionized urea, precipitated by addition of 2 vol. of saturated ammonium sulphate, and washed twice with o. I M-ammonium acetate in 95 % ethanol to reduce contaminating nucleotides (Rueckert & Duesberg, 1966) . The product was dissolved in 8.o M-deionized urea, dialysed extensively against deionized distilled water, and the soluble product lyophilized. Reduced carboxymethylated protein was prepared as described for turnip mosaic virus protein (Hill & Shepherd, I972a ) were used with all reagents prepared in 8.o M-deionized urea. Protein (50 to ~oo/~g) was applied in o.I ml of a sample gel identical to the 2"5 % acrylamide, 0.625 % bisacrylamide spacer gel which was photopolymerized. After electrophoresis for 3o to 9o rain at 5 mA/ column, the gels were extruded, stained in o'5 % aniline blue black in 5 % trichloroacetic acid for 3 to 5 h, and destained by washing in 7 % acetic acid.
The mol. wt. of MDMV-B protein was determined by the method of Weber & Osborn 0969) in lO% acrylamide gels containing sodium dodecyl sulphate (SDS). Commercially available marker proteins with well-established mol. wt. used as standards were bovine serum albumin, mol. wt. --68ooo; ovalbumin, tool. wt. = 43ooo; yeast alcohol dehydrogenase, mol. wt. = 37ooo; trypsin, DFP-treated, mol. wt. = 233oo; myoglobin (horse heart), mol. wt. = I72oo; and cytochrome C, mol. wt. = I I7oo (Weber & Osborn, ~969) . All marker proteins, as well as maize dwarf mosaic virus protein, were reduced and carboxymethylated as described for turnip mosaic virus protein (Hill & Shepherd, ~972a) to minimize errors of interpretation.
All proteins were prepared for electrophoresis by dissolving weighed amounts in o.o~ Mphosphate, pH 7.2, containing 1% (w/v) SDS and 1% (v/v) 2-mercaptoethanol. The protein-SDS solution was heated for I min at Ioo °C. Approximately 5o to Ioo #g of each sample was mixed with I drop of glycerol and ~ drop ofo-o5 % bromphenol blue and applied to the top of the gel with a micropipette. Electrophoresis was carried out at 8 mA/gel until the bromphenol blue tracking dye approached the opposite end of the get. The migration distance of the tracking dye and length of the gel were measured, and the gels immersed in o'o5 % (w/v) aniline blue black in 15 % (v/v) acetic acid and 50 % (v/v) ethanol overnight. The gels were then washed successively with 7 % (v/v) acetic acid for I h, 7 % (v/v) acetic acid in 50 % (v/v) ethanol until the protein bands were evident, and 7 % (v/v) acetic acid in 25 % (v/v) ethanol until the remaining dye was removed. Migration distances of the stained protein components and gel length were then measured, and the relative electrophoretic mobility was calculated as described by Weber & Osborn (1969) .
Other analyses. Amino acid analyses of MDMV-B protein were made by dissolving protein in 6 N-HC1. Tubes were evacuated followed by freezing and thawing the contents in a dry ice-acetone bath to remove oxygen and assure quantitative recovery of S-carboxymethylcysteine (Crestfield, Moore & Stein, ~963) . Tubes were then sealed under vacuum. After hydrolysis at I ~o °C for 24 or 72 h, the tubes were opened and the HC1 was evaporated using a rotary evaporator. The residue was dissolved in o.2 x-citrate buffer, pH 2.o, and analysed with a Beckman Model I2oB amino acid analyser.
Tryptic peptide analyses of MDMV-B virus protein were carried out by dispersing lyophilized protein in o.r M-ammonium bicarbonate (pH 8-I) containing 0"005 M-CaC12 using a glass homogenizer. Trypsin (DFP treated, Nutritional Biochem. Corp., Cleveland, Ohio) dissolved in o'oo~ N-HC1 was added to give an enzyme to substrate ratio of ~ :5o. Digestion at 37 °C for I4 to ~6 h yielded a soluble product which was lyophilized. Subsamples of 1.5o to 2"25 mg were dissolved in 0"3 N-NaOH and applied to Whatman 3 MM paper for electrophoresis in a buffer at pH 6. 4 consisting of 200 ml pyridine, 8 ml glacial acetic acid, and distilled water to 3 1. Peptides were separated in one dimension using a water-cooled Savant flat-plate electrophoresis apparatus Model FP22A at 2ooo V for I-5 h and in the second dimension by descending chromatography for 20 to 22 h using the upper phase of a mixture of n-butanol, acetic acid, and water (4: 1:5). The chromatogram was dried, sprayed sequentially with (a) 1% aqueous diazotized sulphanilic acid (Calbiochem, Los Angeles, California) and (b) Io % sodium carbonate, to locate histidine-containing peptides, and then with o.2 % ninhydrin in acetone to detect other peptides. Phosphorus content of the purified virus particle was determined using the procedure of Nakamura 0952). Virus solutions were dialysed exhaustively against glass distilled water, lyophilized, placed in a vacuum oven at ~oo °C for 72 h, cooled, and stored in a vacuum desiccator over phosphorus pentoxide. Weighed amounts were dissolved in a measured amount of 60 % (v/v) perchloric acid and portions were taken for analysis.
Purification of MDMV
MDMV-B RNA was hydrolysed for 24 h at 37 °C in o-4 N-NaOH. The nucleotides were separated on ammonium sulphate-impregnated Whatman No. t paper by descending chromatography in 76% ethanol (Lane, r963) . The separated nucleotides were detected under a u.v. lamp, eluted in o.o~ N-HCI, and concentrations were determined using the extinction coefficients of Knight 0963).
RESULTS

Properties of the purified virus
Infectivity indices &purified virus preparations varied widely. In nine preparations, however, a mean value of 65"r was obtained.
Purified MDMV-B preparations dialysed against o'o5 M-KPO~, pH 7"o, showed no evidence of host contamination when negatively stained with 2 % phosphotungstate, pH 7"o, and observed with a Hitachi HU I I C electron microscope (Fig. I B) . Virus particles showed little or no evidence of aggregation and fragmentation. Occasionally, virus particles exhibited swelling and disassembly (Fig. I A) . The swelling phenomenon was reported previously by The u.v. absorption spectrum of purified virus in urea buffer showed a maximum at 262 nm and a minimum at 247 nm, with a tryptophan shoulder at 288 nm (Fig. 2) . The E~s0:E2G0 ratio (o.82) agrees with that reported by Langenberg (I973) and suggests a relatively low nucleic acid content.
Phosphorus analyses of three different whole virus preparations gave a mean value and standard deviation of o'54_+ o'o7 % phosphorus by weight. Estimation of the phosphorus content of the nucleic acid from nucleotide ratio data gave 9.13 % by weight. From these data the calculated nucleic acid content of the virus was 5"98 + o'74 %.
Properties of virus nucleic acid
The u.v. extinction spectrum of virus nucleic acid in water showed a maximum at 257 nm and a minimum at 234 nm (Fig. 2) . The max. :rain. ratio was I "74, indicating minimal contamination with virus protein.
Virus nucleic acid was identified as RNA by its positive reaction with orcinol (Shatkin, I969) and negative reaction with diphenylamine (Burton, 1956 ). This confirms the previous report of Pring & Langenberg (1972) that the nucleic acid of MDMV-B is RNA.
Analysis for nucleotide composition using alkaline hydrolysis and one to four replicates for each test gave average values of 33"54% Ap, zo.2r % Gp, I6.2I % Cp, and 3o'oI % Up (Table I) . Only Rj values corresponding to those found for authentic samples of Ap, Gp, Cp, and Up were detected.
Properties of virus protein
Lyophilized virus protein dissolved in 8"o M-deionized urea had a u.v. spectrum with a maximum at 276 rim, a minimum at 25o nm, and a tryptophan shoulder at 288 nm (Fig. 2 ). An E260 :E~80 ratio of 1"48 suggested little contamination of protein with nucleic acid. An extinction coefficient of 1.oi 5 (+ o'oo9) cm 2 mg -1 at 28o nm was estimated for the protein Lyophilized protein prepared by the guanidine HC1-LiC1 method, dissolved in 0"005 Mborate buffered saline, pH 8"4, was serologically active, as indicated by positive agar-gel diffusion tests and immuno-electrophoresis experiments with antiserum prepared to the virus particle. ( Fig. 3A) . In the anionic system (Wu & Bruening, ~97I ) the same protein p r e p a r a t i o n s showed two m i n o r bands and one heavily staining c o m p o n e n t (Fig. 3B ). These observations suggested that the virus preparations were impure, the virus particle m a y contain more than one protein in its capsid, or that the m u l t i b a n d e d pattern may be due to aggregates of protein caused by ionic or h y d r o p h o b i c interactions or f o r m a t i o n of intermolecular disulphide * Based on the maximum average value of three analyses from 24 or 72 h hydrolysates. t Based on methionine as I I and rounded to the nearest integer. These figures are the product of the relative molar ratio and the anhydrous mol. wt. for the respective amino acid and rounded to the nearest integer.
Electrophoresis of protein on polyacrylamide gels
§ Cysteine was estimated by recovery of S-carboxymethylcysteine from carboxymethylated protein samples hydrolysed for 24 and 72 h. !! Values obtained by extrapolation to time zero from the data of 24 and 72 h hydrolysates. ¶ Trytophan was determined spectrophotometrically as described by Edelhoch 0967).
bridges. To test the last hypothesis, reduced carboxymetholated protein was prepared and tested using both cationic and anionic electrophoresis systems. Only a single prominent zone was obtained with both systems (Fig. 3C, D) , suggesting that one of the last mentioned interactions was responsible for the apparent heterogeneity. This provided evidence that MDMV-B has a single protein in its capsid and was good evidence for the purity of virus preparations. Polyacrylamide gel electrophoresis in the presence of SDS (Shapiro, Vinuela & Maizel, I967), was used to determine the tool. wt. of MDMV-B coat protein. Reduced carboxymethylated protein gave a single staining band after electrophoresis (Fig. 4A) in Io % gels containing SDS which further supports the disc electrophoresis evidence for a single protein in the virus capsid. Virus protein was mixed with protein standards in coelectrophoresis experiments. Typical gels are shown in Fig. 4 . The mobility of standard proteins was plotted against the logarithim of the mol. wt. for each experiment (Fig. 5) . The line of best fit was calculated by least squares from the values obtained from the standard proteins in each separate experiment. The mol. wt. values for MDMV-B coat protein were then calculated from the regression lines. In 22 experiments, a mean mol. wt. and standard deviation of 365oo + I3oo was obtained.
Amino acid composition
Amino acid analyses are reported in Table z , one would expect 27 peptides to result from tryptic digestion and potentially five peptides could react positively with diazotized sulphanilic acid, indicating the presence of histidine.
Separation of the tryptic peptides by electrophoresis and chromatography yielded 24 to 27 ninhydrin positive compounds, depending upon the resolution obtained, of which four to six reacted with diazotized sulphanilic acid (Fig. 6) . This substantiates the protein mol. wt. of 28 5o0 derived from the amino acid analyses. MDMV-B is the fourth virus exhibiting morphology common to members of the potyvirus group that has been purified to apparent homogeneity and whose chemical properties have been partly established. MDMV-B, turnip mosaic virus, and tobacco etch virus (Damirdagh & Shepherd, ~97ob; Hill & Shepherd, I972a; Pring & Langenberg, I972; Langenberg, I973) contain low amounts of RNA and no DNA. Tobacco etch virus (Damirdagh & Shepherd, I97ob) , turnip mosaic virus (Hill & Shepherd, ~972a) , potato virus Y (Miki & Oshima, 5972 ) and MDMV-B all have been shown to contain a single structural protein by polyacrylamide gel disc electrophoresis.
The amino acid composition of MDMV-protein is similar to that reported for other members of the potyvirus group, except for an increase in serine and threonine content and the unusually high glycine content (Table 3) . Glycine content is more than twice that in turnip mosaic virus protein, which contains the next highest glycine content (Table 3 ) of the potyviruses. If the high values of the potato Y-type virus amino acid contents are represented by turnip mosaic virus and compared with MDMV-B, a total of 75 amino acid exchanges are calculated. This does not seem unreasonable for viruses within the same group upon considering data reported for two strains of one virus. A total of 62 amino acid exchanges can be calculated between the CAM and Dutch strains of tobacco rattle virus (Miki & Okada, ~97o) .
Mol. wt. estimation by SDS gel electrophoresis of MDMV-B protein gave a value of 365oo. This is in contrast to the minimum mol. wt. determination of approximately 285oo derived from amino acid analyses. Estimation of protein mol. wt. by SDS electrophoresis assumes that all proteins are made highly anionic and that the influence of molecular configuration is negligible. Proteins therefore migrate according to molecular size. Recent 
